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Disposable Endoscope Tip Actuation Design and Robotic Platform
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Abstract—A disposable endoscopic platform with actuation
motors inside the body of the endoscope is presented. This
platform can enable new medical devices for diagnosis and for
minimally invasive surgeries. This paper addresses mechanical
and safety issues with existing endoscope technologies by
incorporating disposability, safety modules, and lower cable
forces. In order to produce path-independent cable forces,
motors are incorporated in the body of the endoscope near the
bending tip. Results for tip forces are shown accompanied by
an analytical model describing the scaling laws for this type of
robotic architecture. The system under development will
provide a platform for research into haptic control and
perceptual feedback.

I. INTRODUCTION

ENDOSCOPIC procedures have become common medical
practice for visual diagnosis, biopsy and polyp/tumor
removal. Recent medical innovations in minimally invasive
surgery (MIS), natural orifice translumenal endoscopic
surgery (NOTES), and other next generation medical
devices suggest the need for new platform technologies. In
MIS and NOTES, the small workspaces and inhibited
manual dexterity necessitate the use of robotic systems for
more accurate and tremor free procedures. Research in this
area includes robotic assisted surgery [1, 2], haptic control
[3], and tools for minimally invasive surgery [4, 5]. In
general, research devices are added directly to existing
endoscopic systems [4], which limit the control strategies
and the range of tools that can be implemented. Recent
commercial devices in this area include the da Vinci
Surgical System laparoscope by Intuitive Surgical Inc.
which allows for robotic-assisted operations [6]. The
platforms currently in use in systems like the da Vinci are
large, expensive, and not suited for conventional diagnostics.
The platform proposed in this paper will hopefully bring
innovations from intricate robotic-assisted surgeries to
routine endoscopic diagnostics.

The proposed endoscopic system has two main goals: 1)
to alleviate some of the fundamental issues plaguing existing
endoscopic systems and 2) to create a robotic platform that
will enable the next generation of medical procedures. Any
new design should first attempt to address the issues of
previous designs. Based on medical device safety reports
collected by the FDA from 1985 to 2009 on colonoscopies
[7, 8], the most commonly reported mechanism failures are
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those due to image loss (contamination and CCD failure,
~67%), cable malfunctions (broken and snagged control
cables and pulleys, ~21%), and scope structural breakage
during a procedure (due to overuse and improper handling,
~5%). The most common medical issues associated with
endoscopes include bowel perforations (due to stiff scopes
or pre-existing patient conditions, ~64%), glutaraldehyde
and other chemical colitis (due to inadequately rinsed
auxiliary passages, ~18%), and cross contaminations and
infections (from improperly cleaned endoscopes, ~9%).

Based on these reports, several changes can be proposed.
First, a disposable endoscope architecture will have the
largest impact on reducing these complaints. This
architecture can mitigate or eliminate problems associated
with the chemical colitis, cross contamination, overuse and
improperly performed repairs. Having more disposable
parts will also reduce the burden on the hospital by reducing
the size of the cleaning machines, the turn-around time for
the use of scopes, and the need for a dedicated staff member
to clean scopes. Due to the inherent cost of certain
components of the endoscopic system, it is not economically
feasible to dispose of all sections of an endoscope. Prior art,
that attempts to addresses these issues, includes many
disposable sheath endoscopes [9,10], disposable rigid
endoscope optics [11] and entirely disposable systems.
Secondly, different actuation architectures with actuation
motors near the tip of the endoscope can be used to address
the cable failure and bowel perforation problem by
shortening cable length and decreasing cable forces.
Robotic actuation systems can be used to provide accuracy
[6], sensory feedback [3], and additional safety features.
Endoscopes and catheters with a variety of drive strategies
[12, 13, 14] exist but do not directly address the issues in
existing endoscopes.
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Fig. 1. Modular concept for endoscope design. Geometry for the tool
channel, control strings, and motor location are shown. Auxiliary
ports and features are not shown for clarity. Module lengths are not
to scale.

2279



This paper presents new methods that address
disposability and robotic endoscope actuation with motors
that fit inside the body of the endoscope near the actuated
tip. Design rationalization, modeling concepts, and
experimental data will be presented. With the use of this
platform, new features such as touch feedback, real-time
fluoroscopy and spectroscopy can also be realized.

II. DESIGN

A. Conceptual Design

The modular design shown in Figure 1 was selected to
reduce manufacturing cost and permit simple adjustment in
length. This design allows for the disposal of the most
difficult-to-clean sections of the endoscope from the body
section through the turning modules. It also allows for the
non-disposable tip module to be sealed separately, thereby
mitigating contamination. The body section incorporates
variable stiffness, which is a feature that appears in existing
endoscope designs [4].  Variable stiffness allows the
endoscope to be stiffened when it enters the body so that it
can be easily inserted and advanced. When the endoscope
exits the body, the stiffness can be reduced so that it can be
easily withdrawn from the body without causing damage and
so that loops in the endoscope can be resolved. In addition,
the variable stiffness can be dialed below the perforation
threshold for patients with pre-existing tissue fragility.

The design of the turning section includes rubber spacers
and acrylic modules with four nylon control strings. The
turning angle and internal stiffness of this section can be
modulated by the lengths and diameters of the turning
modules and spacers. This type of un-jointed system was
selected over a jointed system [15, 16] because jointed
systems tend to be stiffer and more difficult to move,
requiring higher forces. An un-jointed system is more
flexible to accommodate patient breathing motion and to
reduce the occurrence of bowel perforations.

The safety module is added to cut strings in the event that
the motors malfunction while the tip is bent. The tip module
includes the imaging system, CCD, and LED light sources.
Additional instruments for biopsy and other procedures can
be passed down the tool channel.

B. Actuation Mechanics

Cable drive systems often require high forces when
actuated from the end of the endoscope. Pulling the cables
becomes exponentially harder as the number of turns in the
body increases due to capstan friction. The proposed system
incorporates the motors near the tip of the endoscope
creating significant benefits. Because the motors are closer
to the tip, the forces necessary to turn the tip will be smaller
and will be independent of the number of bends made in the
body. This has additional benefits for haptic control and
perceptual feedback systems. The forces created by the
smaller motor at the tip of the endoscope also make it less
likely to snap the cables. In addition, it becomes easier to
design the system for limiting the maximum forces, making

it impossible to accidentally overdrive the motor and
perforate healthy bowel walls. An additional benefit to this
design is that the motor and turning modules can be repeated
to allow for multiple controllable articulation points.

Several designs for the structure of the motor articulation
were considered including the use of a linear Lorentz force
voice coil, lead screw and nut [15], and stepper motor with
internal flexible lead screw. In order to reduce cost,
minimize motor module length and be able to hold a fixed
position without using power, a design with a pre-existing
6 mm diameter geared rotary motor with direct cable
transmission was chosen. The current gearmotor has a stall
torque of 1.08 mNm at 3 V. The motor module is less than
30 mm in length and 11 mm in diameter. The design for the
rotary to linear transmission for the motion of the cable is
shown in Figure 2.
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Fig. 2.

actuation
implementation without outer sheath. The transmission of the system
changes the rotary motion of the geared motor into linear motion in
the two opposing cables.

Motor system conceptual

When one of the strings is pulled by the transmission, the
other string is released thereby allowing the endoscope tip to
bend. Since two strings in opposing action are wound about
each shaft, the cable pulling rotation cannot be accidentally
reversed. When the maximum bending angle is reached, the
motor is designed to stall. Because of gear box resistance
and geometric constraints, this design can hold a position
without the use of power. Each of the cardinal directions
can be bent up to 180° and two motors acting in tandem can
access space 360° around the tip, which is in line with the
capabilities of conventional endoscopes.

C. Software and Electronics

The drive electronics for this system uses H-bridges and an
adjustable pulse width modulation (PWM) in order to obtain
higher instantaneous torques and for speed control of the two
degrees of motion. A Logitech® Attack™ 3 joystick and
software written in NI LabVIEW 8.5 are used to control the
position of tip of the endoscope.

III. MobELING

The force that the tip of the endoscope system can
produce determines the maneuverability of the system.
However, the tip force should not exceed the perforation
force of healthy tissue (in the case of operator error).
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Therefore, a model that can be used to guide the selection of
the geared motor and articulated tip dimensions is necessary.

Fig. 3. Geometry of model for angle to tip force relationship.

The maximum bending angle is defined by the relative
sizes of the beads and spacers. For n spacers with length Dy
and radius L,, and module radius of L,,, a first order estimate
of the maximum bending angle can be obtained,

¢max =2n Sinl(l)sj . (1)
2L, ~L,)

By balancing forces at the tip of the endoscope in the
normal direction, it is possible to obtain Equation 2. The
forces, in order, are the externally applied normal force
(which is measured), the force associated with the spring
constant, the force associated with damping, the force
associated with inertia, and the internal normal force from
cable tension. Results from other configurations with
additional contact forces can be derived similarly.

F +F+F,+F, —-F,=0 )

From experimental data, we find that the spring force is
F, = K¢, damping force is F, = B¢ and inertial force is
F,=J¢.
values of Fy and F,, since the string pulling procedure
produces forces in only one direction. The internal normal
force from string tension is related to the tangential string
tension and this relation can be derived with a torque
balance for the tip module at the very end. The tip force can
be approximated using the capstan friction equation where u
is the coefficient of friction, F;, is the force output of the
motor, and Fy;, is the force measured at the tip. An extra 7/2
term occurs due to the capstan friction in the 90° turn inside
the rotary to linear transmission. This is shown in
Equation 3.

Lh - LA- Lh - LA-
= ip = in€

D, +D, D, +D,

The input force can be measured or calculated from first
principles using the input voltage V, gear ratio N, motor
constants K, and K, radius of the motor shaft », resistance of
the motor R, and angle of the motor shaft 6. Equation 4
shows this relation,

Note that Equation 2 only exists for positive

—ﬂ(¢+§) (3)

N

V-K,0
ee / N A (4)
Rr
The full dynamics can be obtained in Equation 5,

F, = NK,

. L,-L, [NK’ V-K,_8/N
D, +D, Rr
A relationship between the motor angle and bending angle
can be derived from geometry. The relationship shown in
Equation 6 is valid up to ¢,,.. The approximation on the
right can be used for small ¢/n,
0= n(lL,—L,)

je_mwz)—K(/’—Bcb—J@' ®)

sin(¢/n) = M¢, . (6)
r

For a static system, Equation 5 reduces to Equation 7 for

an input torque of 7,
“ D, +D, r

The spring constant K is a function of the elasticity of
endoscope tip (including the tool channel material, wire and
tubing), the moment of inertia, and the length of the
endoscope tip d. Experimental data can be used to validate
the theory and to produce designs with the desired force and
speed characteristics.

_LmL Ty D . 7)

IV. RESULTS

The forces exerted by the endoscope tip were tested by
holding the motor module fixed and measuring the force
against the tip at different bending angles. The results of the
test along with the analytical model for the static tip force
are plotted on Figure 4a.
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Fig. 4. a) Static normal forces at the tip as a function of the bending
angle for different input torques. The dots with standard deviation
bars represent experimental data, the solid lines represent model
predictions, and the dotted lines represent model predictions with the
low angle correction. b) Bending angle as a function of time for
different input torques. The dots represent experimental data and the
lines represent model fits. The dimensions were chosen based on
iterative design with 6 mm motors: n =11, » = 1.1 mm, Dy= 0.7 mm,
Dn=2.9mm, Li=3.3 mm, L,=5.5mm, and L, = 3.7 mm.
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The measured spring constant is 0.020 N/rad, the
measured coefficient of static friction is 0.28 rad”, and the
measured coefficient of sliding friction is 0.10 rad™. The
experimental data with standard deviation bars matches well
with the predicted output for larger angles, but a low angle
correction of the form (7+Cexp(-C,p)) is necessary for
smaller angles. At low angles, the string tension has more
leverage than predicted by the model because the play in the
hole for the string allows the selection of different bending
points. The correction factor, which represents the
exponentially decreasing leverage from string tension, is
multiplied with the tip force.

In addition to the static tip forces, the dynamics of the
endoscope can also be plotted using the dynamic model with
Fex = 0, and this is shown in Figure 4b. This is validated
with experimental data from high speed camera images at
600 fps (representative points plotted) taken of the system at
different input torques associated with different input
voltages. As the input torque increases, the endoscope tip
approaches the maximum bending angle more quickly. If the
motor voltage is too low, the endoscope is incapable of
reaching the maximum angle. When the endoscope tip
reaches the angle limit, the tip oscillates slightly by
deforming in directions out of the plane of cable actuation.
The fitted wvalues for the dynamic model are
J=9.0x10" N/(s*rad) and B = 1.5x10 N/(s'rad).

In order to assess the design, the tip forces are compared
to the critical contact pressures of human organs, which are
on the order of 20 kPa [17]. This indicates that the resistive
force of the organ is at minimum 0.64 N for a tip module of
11 mm in diameter and 2.9 mm in length. The current
model produces forces well below this value and additional
design based on this model can prevent forces from reaching
critical contact pressures in possible failure modes.
Conventional endoscope designs with longer cable actuation
mechanisms are susceptible to additional forces from bends
in the body of the endoscope. The motor torques for these
systems are much higher and the operator is more likely to
produce tip forces that could potentially puncture organs.

V. CONCLUSION

The concepts presented in this paper constitute an advance
over previous work [16] and have the potential to solve
many of the existing problems with endoscopes as well as
provide a new platform for haptic control and next-
generation endoscope tools. A novel motor drive system is
presented along with a model for tip deflection and forces.
The results match well with predicted performance and
provide a good springboard for design optimization.

Future work in this area will include the design and
implementation of a haptic control system along with the
development of new endoscope tools. Finally, in vivo
testing will be conducted. It is hoped that the mechanical
architecture presented in this paper will inspire future
development of endoscopic devices and tools.
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